Electrons, because of their strong interaction with matter, produce high-resolution diffraction patterns from tiny 3D crystals only a few hundred nanometers thick in a frozen-hydrated state. This discovery offers the prospect of facile structure determination of complex biological macromolecules, which cannot be coaxed to form crystals large enough for conventional crystallography or cannot easily be produced in sufficient quantities. Two potential obstacles stand in the way. The first is a phenomenon known as dynamical scattering, in which multiple scattering events scramble the recorded electron diffraction intensities so that they are no longer informative of the crystallized molecule. The second obstacle is the lack of a proven means of de novo phase determination, as is required if the molecule crystallized is insufficiently similar to one that has been previously determined. We show with four structures of the amyloid core of the Sup35 prion protein that, if the diffraction resolution is high enough, sufficiently accurate phases can be obtained by direct methods with the cryo-EM method microelectron diffraction (MicroED), just as in X-ray diffraction. The success of these four experiments dispels the concern that dynamical scattering is an obstacle to ab initio phasing by MicroED and suggests that structures of novel macromolecules can also be determined by direct methods.
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phasing | prion | electron diffraction | MicroED | nanocrystal M acromolecular crystallography must overcome the lack of a measurable phase for each diffraction intensity (1) . In X-ray crystallography, when a sufficiently similar structure has been determined, phases from the known structure can be applied to the measured structure factors and refined to provide a new solution (2) . Alternatively, the phase problem can be experimentally overcome by use of isomorphous differences, anomalous scattering, or direct methods (3, 4) . Methods for ab initio structure determination from measured intensities have been applied to X-ray crystallography data since the mid-1930s (5). The direct method is an ab initio approach to phasing that relies on the relationships between measured structure factors, which inform about their phases, as well as constraints on the positions of atoms in real space (1, 6, 7) . The direct-methods approach becomes feasible when a crystal diffracts strongly enough that the intensities can be measured at a resolution better than 1.2 Å (8). This limit follows from the need to resolve atoms as separate features (as required by this method). Data must be recorded from reflecting planes spaced more closely than the interatomic distances. The first structures to be solved by this approach were small atomic assemblies containing few atoms. Since then, a number of smallmolecule and macromolecular structures have been determined by direct methods (6, 7, (9) (10) (11) , including the structure of cytochrome C 3 , with 2,208 atoms (12) .
Cryo-EM methods that are based on imaging, such as singleparticle and tomographic techniques, benefit from the direct measurement of phases (13, 14) . For these techniques, phases are encoded in the images, which are the convolution of the projected Coulomb potential of the sample with the contrast transfer function of the microscope. Such an advantage can also exist when crystals are imaged (15, 16) . In contrast, phases are lost when only diffraction data are collected, either from 2D crystals by electron crystallography or from 3D crystals by microelectron diffraction (MicroED), just as in X-ray crystallography (15, 17) . That is because electron-diffraction micrographs are measurements of the back focal plane of the electromagnetic objective lens in an electron microscope (18) . They represent the squared magnitudes of a Fourier transform of the crystal being imaged.
When high-resolution intensities collected using MicroED are combined with phases calculated from preexisting models by the method of molecular replacement, they result in atomic resolution structures (19) (20) (21) (22) . However, to date, no other X-ray crystallographic method for experimental phase determination has been adapted to MicroED. Because MicroED is capable of producing atomic resolution data, direct methods approaches used in X-ray crystallography should be applicable to MicroED. The influence of dynamical scattering on the measured intensities was thought to limit accurate determination of structure factors (23) (24) (25) (26) . The hypothesis of whether these effects limit ab initio determination of macromolecular structures from protein nanocrystals has been difficult to test because a crystal formed from macromolecules has yet to diffract to better than 1.2 Å by electron-based techniques.
Significance
Microelectron diffraction (MicroED) is a cryo-EM method capable of determining atomic resolution macromolecular structures from nanocrystals of dose-sensitive biological macromolecules. To date, MicroED requires a reasonably accurate guess of the positions of atoms in a structure to solve it, a technique known as molecular replacement. We now show that this need for prior knowledge about a structure is eliminated in cases when crystals diffract to atomic resolution, relying only on the accuracy of the MicroED intensity measurements. Our findings provide a basis for solving structures from tiny crystals that diffract to high resolution, but are presently disregarded because of their small size. Using ultra-low-dose cryo-EM data collection, we now demonstrate experimental phasing of peptide nanocrystals for MicroED at 1.0-Å resolution-an important step in the determination of novel macromolecular structures and a milestone for atomic resolution cryo-EM of dose-sensitive samples.
Results
We investigated nanocrystals of peptide segments from the amyloid core of the Sup35 prion protein (27) (28) (29) (30) , Zn 2+ -NNQQNY, Cd 2+ -NNQQNY, and GNNQQNY, using MicroED (Fig. 1 ). Some of these had been previously determined by X-ray crystallography (27) (28) (29) (30) (31) . We chose these nanocrystals to assess the feasibility of experimental phasing by isomorphous replacement using MicroED. Because these nanocrystals diffract to atomic resolution ( Fig. 1) , we also chose to explore structure determination by direct methods (27) . By using MicroED, resolution was significantly improved for all structures over previous X-ray studies, from 1.3 to 1.0 Å for Zn 2+ -NNQQNY (PDB ID code 1YJO), from 1.8 to 1.1 Å for GNNQQNY form 1 (PDB ID code 1YJP), and from 2.0 to 1.05 Å for GNNQQNY form 2 (PDB ID code 2OMM).
To limit the radiation damage experienced by the crystals, we measured continuous rotation MicroED data at a dose rate <0.01e
− per square angstrom per second. From the illuminated area and size of our crystals, we estimate that, on average, ∼170 × 4,100 × 170 unit cells are illuminated in our experiments. Each frame of the diffraction movie represents a 0.6°wedge of reciprocal space collected during a 2-s exposure. Full datasets were acquired in minutes without exceeding a total accumulated dose of 5e
− per square angstrom and processed by X-ray crystallography software to 1.0-Å resolution (Table 1) . Multiple datasets were merged to achieve adequate completeness for each of the segments, at high resolution. In the case of GNNQQNY, a single crystal belonging to a different space group, P2 1 2 1 2 1 instead of P2 1 (27) , produced high-resolution data with 77.6% completeness at 1.0 Å (Table 1) . Strong anomalous signals are not expected for electron diffraction because the energy of the electron beam is far from any known resonance phenomenon in the elements composing the crystal. Indeed, no significant anomalous signal was detected in our datasets, as evidenced by the poor correlation in Friedel differences between randomly chosen half datasets, at <30% in all cases (Table S1 ). In contrast, anomalous signals are routinely used in X-ray diffraction experiments to assist in phase determination (3, 4) and are enhanced by tuning the X-ray energy to an absorbance maximum specific to a particular element in the crystal. As a case in point, an anomalous signal sufficient for phasing was reported from Zn 2+ -NNQQNY crystals using a microfocus synchrotron X-ray source (27) . As expected, the anomalous correlations from this experiment are significantly higher than for MicroED (Table S1 ). A detectable anomalous signal has been reported from electron diffraction experiments in the gas phase and attributed to the modification of the potential field by the presence of the incident electron (32) . Evidently, the magnitude of this effect (second Born approximation) proved too small to measure in our experiments.
The data collected by continuous rotation MicroED and processed by X-ray crystallography software show nearly kinematic scattering devoid of dynamical scattering artifacts. Reflections forbidden by symmetry are overall absent or present at <8% of the measured intensities for their allowed counterparts on average (Table S2) . Furthermore, comparisons of reflections related by Friedel symmetry (R Friedel ) and non-Friedel symmetry (R non-Friedel ) gave no strong indication of dynamical scattering (Table S3) . We found the differences between R Friedel and R non-Friedel are small: at <1% in many datasets (Table S3) .
We evaluated our hypothesis that intensities measured at atomic resolution by MicroED from all four peptide nanocrystals are sufficient for structure determination using ab initio structure determination methods. We executed the direct-methods protocol with standard parameters using the SHELXD software package (SI Methods) (12). Direct methods solutions were obtained for all four datasets: Zn (Fig. S1) . In each case, the ensembles of atoms generated by SHELXD were correctly assigned and interpretable as peptide segments in the amyloid state ( Fig. 2 and Table S4 ). Their structures were refined (Fig. 2) to fit the diffraction measurements (Methods). Each refined structure included hydrogen atoms that fit well into high-resolution density maps (Fig. S2 and Table S5 ). Refined structures also showed strong densities for the coordinated Zn 2+ and Cd 2+ ions, which scaled in proportion to their atomic numbers.
Discussion
The structures of Zn 2+ -NNQQNY, Cd 2+ -NNQQNY, GNNQQNY-P2 1 , and GNNQQNY-P2 1 2 1 2 1 demonstrate that MicroED can satisfy the stringent requirements for ab initio phasing of macromolecules-specifically, the measurement of accurate high-resolution intensities. Several experimental challenges were overcome to achieve this. We minimized the total electron dose delivered to a crystal to maintain its high-resolution diffraction. Continuous rotation MicroED data collection was used to minimize dynamical scattering. We collected diffraction data from multiple crystals in varied orientations to fill the reciprocal space. We selected crystals for merging based on isomorphism; nonisomorphism can limit the accuracy of the final intensities. In one case, we determined an ab initio structure from a single nanocrystal in space group P2 1 2 1 2 1 .
Our structures are of small macromolecules, but the principles that govern our direct methods approach are applicable to larger proteins. Currently, 1,540 structures present in the PDB diffract to better than 1.1 Å (SI Methods). An unknown number of proteins like these could be future targets for ab initio phasing by Numbers reported in parentheses correspond to values in the highest-resolution shell. incl., including; n/a, not applicable.
MicroED. Phasing by direct methods is computationally more challenging for larger macromolecules, but the technique has already been widely demonstrated on structures that range in complexity from a few atoms to several thousand (7, 10) . Ultimately, crystal size, number of unit cells, and crystalline order can all limit high-resolution diffraction to a range below that required by direct methods. We show here that the resolution limit for successful direct methods phasing is the same for MicroED and X-ray diffraction--better than 1.2-Å resolution (8) . Indeed, success of direct methods using various resolution cutoffs on our GNNQQNY-P2 1 data showed that, of 5,000 trials, we found 126 successes at 1.1 Å, 2 successes at 1.15 Å, and 0 successes at 1.2 Å. Thus, a more general approach for phasing of MicroED data may be required for routine de novo phasing of macromolecular structures from submicrometer crystals. Electrons, because of their strong interaction with matter, can potentially produce high-resolution diffraction patterns from tiny 3D crystals. Therefore, MicroED is well suited for answering questions that require high-resolution diffraction from dose-sensitive biological macromolecular samples studied under cryogenic conditions. The atomic arrangements solved by direct methods present a unique opportunity for further improvement of our current estimates of electron scattering factors. Our atomic structures include hydrogen atoms, which play a central role in many biochemical processes; knowing their positions has provided important insights into catalytic mechanisms (33, 34) and greatly aids rational drug design (35) . Lastly, by using direct methods, MicroED can also provide ab initio solutions for smallmolecule organic compounds, such as rare pharmaceutical polymorphs (36) and designer peptoids (37) that challenge other means of investigation.
Conclusion
We present four ab initio structures determined by cryo-EM. At 1-Å resolution, these are the highest-resolution cryo-EM structures to date, determined by either imaging or diffraction. Our proof-of-principle determination of these structures speaks to the broader potential of applying ab initio phasing to MicroED. Future targets include new structures yet to be solved by traditional crystallographic means from well-ordered nanocrystals that may diffract to high resolution, but are presently overlooked because of their small size.
Methods
Preparation of Peptide Nanocrystals. Lyophilized, synthetic GNNQQNY and NNQQNY peptides were purchased from Genscript and dissolved in ultrapure water. GNNQQNY was prepared at a concentration of 10 mg/mL, and NNQQNY was prepared at a concentration of 30 mg/mL The dissolved peptides were then filtered by using a 0.22-μm cutoff filter.
Crystals of Zn -NNQQNY grew within a day.
Crystals of Zn 2+ -NNQQNY were used to seed growth of GNNQQNY crystals to ensure isomorphism (27) . Crystals of GNNQQNY were grown in batch at ∼20°C in ultrapure water. -NNQQNY, and GNNQQNY nanocrystals were collected in an identical way, and similar to what has been described for other nanocrystals (18, 21, 38) . Briefly, for each of these samples, nanocrystals were harvested, and a single crystal suspension was generated by mixing of crystal-containing solutions. A small amount (∼2 μL) of the crystal suspension was placed on quantifoil EM grids (R2/2, 300#; EMS). Grids were blotted and plunge-frozen into liquid ethane by using a Vitrobot Mark IV (FEI). Frozen grids were then transferred into liquid nitrogen for storage and later imaging. Frozen hydrated grids were placed in a cryo-TEM (transmission electron microscope) Gatan 626 cryo-holder for imaging and diffraction.
Diffraction patterns and crystal images were collected by using a FEI Tecnai F20 transmission cryo-electron microscope equipped with a field emission electron gun operating at 200 keV and used in diffraction mode. All data were collected by using a bottom-mount TVIPS TemCam-F416 CMOS camera with a sensor size of 4,096 × 4,096 pixels, each 15.6 × 15.6 μm. Diffraction patterns were recorded by operating the detector in rolling shutter mode with 2 × 2-pixel binning, producing a final image 2,048 × 2,048 pixels in size. Individual image frames were taken with exposure times of 2 s per image, by using a selected area aperture with an illuminating spot size of ∼1 μm. This geometry equates to an electron dose rate of <0.01 e − per square angstrom per second. During each exposure, crystals were continuously rotated within the beam at a rate of 0.3°per second, corresponding to a 0.6°wedge of data per frame. Diffraction data were collected from several crystals, each oriented differently with respect to the rotation axis. These datasets each spanned wedges of reciprocal space ranging from 50°to 80°. We estimate that there are ∼1.0 × 10 8 unit cells illuminated on average per crystal, per dataset. This value was obtained by approximating the crystal shape as a cylindrical rod with a 200-nm radius and length limited by the 2-μm aperture diameter. Thus, the illuminated volume of the crystal is the volume of a cylinder, πr We did not find it beneficial to illuminate a larger area because any gain in diffracting intensity from a greater volume of diffracting unit cells is offset by the inclusion of background regions and potentially other crystal fragments that would pose a challenge for indexing and integration of measured reflections.
MicroED Data Processing. Diffraction images were collected as TVIPS movies and converted to SMV crystallographic format as described (18) . These images were processed with both XDS/XSCALE (39) and Denzo/Scalepack (40) . These programs were primarily developed for X-ray crystallography, but can be adapted for indexing and integration of MicroED data. The two programs yielded comparable statistics in each of the four crystal projects. We chose the Denzo/Scalepack statistics for Zn 2+ -and Cd
2+
-NNQQNY datasets, and XDS/ XSCALE for the GNNQQNY in space group P2 1 and P2 1 2 1 2 1 . Indexing and merging statistics are presented in Table 1 .
Ab Initio Structure Determination and Refinement. The SHELX macromolecular structure determination suite was used for phasing the measured intensities (12) . The input parameters for the phasing trials by SHELXD are provided in the sample input script (SI Methods). Results for ab initio structure determination using direct methods protocols by SHELXD are presented in Table S1 . Refinement was carried out with electron scattering form factors using the program Refmac (41) starting from the atomic coordinates determined by the direct-methods protocol. We used atomic form factors calculated using the electron's rest mass. These values reported in the International Tables of Crystallography ( 
